Induction of heme oxygenase-1 (HO-1) attenuates the development of angiotensin II (Ang II)-dependent hypertension in mice. However, the mechanism by which HO-1 lowers blood pressure in this model is not clear. This study was designed to determine whether induction of HO-1 results in an improvement in vascular relaxation in Ang II hypertensive mice.
We have recently demonstrated that induction of heme oxygenase-1 (HO-1) with cobalt protoporphyrin (CoPP) lowers blood pressure in angiotensin II (Ang II)-dependent hypertensive mice. 1 Several other studies have also reported that induction of HO-1 either chemically or genetically can reduce blood pressure in spontaneously hypertensive rats, and in renovascular and Ang II-dependent hypertension. 2, 3 Despite the efficacy of HO-1 induction in lowering blood pressure in these models, the mechanism responsible for this effect is not clear. One potential mechanism for the antihypertensive actions of HO-1 may be increased production of carbon monoxide (CO) in the vasculature.
CO causes vasodilatation by activating both soluble guanylate cyclase and high conductance Ca 2+ activated K + channels. 4, 5 In the vasculature, CO is an important regulator of basal tone and modulates the constriction caused by vasoactive agents and increases in pressure. 6, 7 Recent studies have demonstrated that increases in vascular HO and CO can improve acetylcholine (ACh)-mediated relaxation in diabetes. 8, 9 Ang II-dependent hypertension in mice is associated with impaired vasodilatory responses to ACh. 10 Since studies in human as well as in animal models have linked increases in vascular stiffness with hypertension, we hypothesized that improved vascular relaxation may be associated with the blood pressure lowering actions of HO-1 induction in Ang II-dependent hypertension. Therefore, the goal of this study was to determine if the blood pressure lowering actions of HO-1 induction resulted in an improvement of vascular relaxation in Ang II-infused mice.
Methods
Animals. Studies were performed on 16-24 week male C57BL/6J mice purchased from Jackson Labs (Bar Harbor, ME). All mice were housed under standard conditions and allowed full access to food and water. HO-1 was induced by treatment with CoPP articles Ang II Hypertension and Vascular HO-1 (50 mg/kg body weight, subcutaneously, Frontier Scientific, Logan, UT) as previously described. 2 Mice were pretreated with CoPP or vehicle (0.1 mol/l NaOH, pH 8.3) 2 days prior to Ang II administration as previously described. 1 Ang II (1 µg/kg/min, subcutaneously) was delivered using an osmotic minipump, which was subcutaneously implanted. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Mississippi Medical Center.
Blood pressure. Blood pressure was directly measured via microrenathane catheters implanted into the carotid artery using an aseptic surgical technique as previously described. 11 Surgeries were performed 12 days after implantation of the minipumps and the mice were allowed 1 day to recover from surgery. Mean arterial blood pressure was recorded from conscious, freely moving mice for 3 h and the data averaged.
Vascular ring preparation.
Mouse carotid arteries were removed and prepared for vessel reactivity studies as previously published. 10 Resting tension was adjusted step-wise to reach a final tension of 0.25 g. For each animal, at least two vessel segments were studied with the averaged response equal to an n of 1. Concentration dependent relaxation (10 −8 to 10 −4 mol/l) to ACh and sodium nitroprusside (SNP) were assessed in vessel segments precontracted with the thromboxane A2 mimetic U46619 (0.4 µg/ml). CO-mediated relaxation was tested in precontracted vessels in a time dependent manner (15 and 30 min after 100 µmol/l CORM-A1 administration). This concentration was chosen based on previously published data from isolated vessels. 12 Heme oxygenase assay. Heme oxygenase assay was performed on lysates prepared from the aorta. The protein concentration was measured using a Bio-rad protein assay with BSA standards. Reactions were carried out in 1.2 ml containing: 2 mmol/l glucose-6-phosphate, 0.2 units glucose-6-phosphate dehydrogenase, 0.8 mmol/l NADPH, 20 µmol/l hemin, and 0.5 mg of lysates as previously described. 1 The reactions were incubated for 1 h at 37 °C in the dark. The formed bilirubin was extracted with chloroform, and the change in optical density (∆OD) at 464-530 nm was measured using an extinction coefficient of 40 mmol/l/cm for bilirubin. HO activity was expressed as picomoles of bilirubin formed per hour per milligram of total protein and presented as percent of control values.
Western blot. Western blots were performed on lysates prepared from aortas collected at the end of the experimental protocol. Samples of 50 µg of protein were boiled in Laemmli sample buffer (Bio-Rad, Hercules, CA) for 5 min and electrophoresed on 10% SDS-polyacrylamide gels and blotted onto a nitrocellulose membrane. Membranes were blocked with Odyssey blocking buffer (LI-COR, Lincoln, NE) for 2 h at room temperature, then incubated with rabbit anti-HO-1 or HO-2 polyclonal antibody (StressGen, Vancouver, Canada 1:2,000) as well as a mouse anti-β-actin antibody (Gentest, 1:5,000) overnight at 4 °C. Membranes were incubated with Alex 680 goat anti-rabbit IgG (Molecular Probes, Invitrogen, Carlsbad, CA) and IRDye 800 goat anti-mouse IgG (Rockland, Gilbertsville, PA) for 1 h at room temperature. Membranes were visualized using an Odyssey infrared imager (LI-COR, Lincoln, NE), which allows for the simultaneous detection of two proteins. Densitometry analysis was performed using Odyssey software (LI-COR).
Statistics. Mean values ± SEM are presented. Concentration dependent relaxation curves were analyzed using a repeated measures analysis of variance with a Student-Newman-Keuls Method post hoc test. HO activity assays and western blots were analyzed by analysis of variance followed by Dunnett's post hoc test. Data were considered statistically different at P < 0.05.
results

Pretreatment with coPP attenuates ang ii-dependent hypertension
Mice were treated with one dose of CoPP (50 mg/kg body weight, subcutaneously) 2 days prior to the implantation of an osmotic minipump which delivered Ang II at a rate of 1 µg/ kg/min. Mean arterial pressure was measured on day 14 post implantation of the Ang II minipump. Mean arterial pressure was significantly lower in mice treated with CoPP and averaged 122 ± 4 vs. 144 ± 4 mm Hg in control Ang II-infused mice, n = 5. The effect of CoPP on Ang II-dependent hypertension was identical to what was previously reported using this treatment protocol in mice. 1 In the previous study, treatment with CoPP alone had no effect on blood pressure. 1 Heart rate was similar in both groups averaging 575 ± 25 vs. 558 ± 15 beats/ min in Ang II + CoPP vs. Ang II-infused mice.
coPP treatment does not improve endothelial dependent or independent relaxation to nitric oxide in chronic ang ii-infused mice First, we examined whether chronic Ang II infusion for 2 weeks resulted in significantly impaired ACh-mediated relaxation, as a measure of endothelial function. Consistent with earlier studies, ACh dependent relaxation was significantly impaired in Ang II-treated mice at all concentrations relative to control animals (Figure 1a) . ACh-mediated relaxation was not improved in Ang II-infused animals pretreated with CoPP and in fact was further impaired at higher concentrations of ACh (Figure 1a) . CoPP by itself did not change ACh-mediated relaxation. In order to determine whether chronic Ang II infusion impairs smooth muscle dependent relaxation to nitric oxide directly, we examined relaxation responses to the nitric oxide donor, SNP. Chronic Ang II infusion resulted in significant attenuation of relaxation to SNP compared to the control mice and CoPP treated mice, at all concentrations examined (Figure 1b) . These data suggest that both the endothelium and underlying smooth muscle are damaged by Ang II infusion over 14 days. Pretreatment with CoPP did not improve the smooth muscle response to nitric oxide in Ang II infused mice. Relaxation to SNP was not altered by pretreatment with CoPP alone (Figure 1b) . The CO donor, CORM-A1, caused a time dependent relaxation in carotid arteries from all mice studied (Figure 1c ). Mice treated with Ang II or Ang II + CoPP had a significantly impaired response to CORM-A1 at both 15 and 30 min. In order to determine whether differences in the vasoconstrictor response to U46619 in the groups accounted for the lack of improved vascular relaxation after HO-1 induction in this study, we performed a dose-response curve to concentrations of U46619 over a 100-fold range in carotid arteries of mice from each group (Figure 1d) . Ang II infusion did not change the response to U46619 and CoPP treatment did not have any appreciable effect on this response. This finding indicates that alteration in the vasoconstrictor response to U46619 is not a mechanism for the altered relaxation in vessels from Ang II and Ang II + CoPP treated mice.
coPP induces ho-1 protein in the vasculature of chronic ang ii-infused mice
We examined induction of HO-1 by performing a western blot on lysates prepared from the aorta of control, CoPP, Ang II, and Ang II + CoPP treated mice. CoPP treatment resulted in a significant increase in the level of HO-1 protein in the aorta (Figure 2a) . Ang II treatment resulted in a slight increase in the levels of HO-1 protein in the aorta but this increase was not statistically different from that of control mice. Neither CoPP nor Ang II treatment had any effect on the level of HO-2 protein in the aorta (Figure 2b) . CoPP treatment significantly increased HO activity measured in the aorta as compared to control mice (Figure 3) . CoPP treatment in Ang II-infused mice caused an increase in HO-1 activity as compared to mice infused with Ang II (Figure 3) .
time course of ho-1 induction following coPP administration
The time course of HO-1 induction in the aorta following CoPP administration was determined by euthanizing groups of mice 5, 10, and 15 days after CoPP administration. HO-1 protein levels were significantly increased in the aorta at all time points examined (Figure 4a) . HO activity was also significantly increased on days 5 and 10 post CoPP administration and was still elevated above control levels on day 15 post administration although this increase did not achieve statistical difference (Figure 4b ).
discussion
The results from this study, and our previous report, demonstrate that induction of HO-1 with CoPP prevents Ang II-dependent hypertension in mice. 1 This finding is in agreement with other studies that have demonstrated the antihypertensive effects of HO-1 induction in several experimental models of hypertension. 2, 3, 13 Despite the apparent blood pressure lowering actions of HO-1 induction, the mechanisms responsible for this are still not clear. Since HO-1 induction and increased CO production have both been reported to improve vascular relaxation, 8, 14, 15 we tested whether improvement of vascular relaxation was a contributing mechanism for the blood pressure lowering actions of HO-1 induction in Ang II-dependent hypertension. In this study, we found that 2-week treatment with Ang II significantly attenuated relaxation to ACh in carotid artery segments. These findings are in agreement with previous studies, which have examined ACh-mediated relaxation in models of Ang II-dependent hypertension. 10, 16 This defect is likely due to both impaired endothelial function as well as diminished smooth muscle responsiveness to NO, as Ang II-infused mice exhibited attenuated relaxation to both ACh and SNP. HO-1 induction by CoPP did not improve vascular relaxation to either ACh or SNP despite the normalization of blood pressure and markedly increased vascular HO activity in CoPP treated Ang II-infused mice. Unexpectedly, the dilatory response to ACh was further impaired in chronic Ang II-infused mice pretreated with CoPP suggesting that increases in vascular CO levels may decrease NO bioavailability in the endothelium. This is in agreement with a previous report that transgenic mice specifically overexpressing HO-1 in vascular smooth muscle cells exhibit decreased vascular responsiveness to nitric oxide. 17 However, an alternative explanation for the reduced responsiveness to ACh and SNP in Ang II + CoPP treated mice could be increases in endogenous NO production. CoPP treatment can result in increased aortic eNOS protein levels 9 and previous studies in transgenic mice overexpressing eNOS have demonstrated that these mice exhibit increased basal NO release but attenuated responses to ACh and SNP. 18 It is also surprising that induction of HO-1 with CoPP did not improve the vascular relaxation to ACh in Ang II-infused mice given the antioxidant properties of HO metabolites, CO, and bilirubin. 19, 20 Studies in the hyperbilirubinemic Gunn rat have demonstrated that these rats do not exhibit significant elevations in Ang II-mediated vascular superoxide production, which preserves relaxation to Ach, as compared to control rats. 21 Since Ang II is able to directly stimulate NAD(P)H oxidase in vascular smooth muscle cells to increase superoxide anion production, this increase in superoxide anion production can result in decreased bioavailability of NO resulting in an attenuated response to ACh. 22, 23 Bilirubin is a potent scavenger of reactive oxygen species but it is unclear if the protection from Ang II-derived superoxide anion production observed in the hyperbilirubinemic Gunn rat, results from increases in intracellular bilirubin generation or is the result of increased extracellular bilirubin.
Our conclusion that CoPP does not prevent Ang II-mediated hypertension through improved vascular function is based upon studies in which we examined relaxation in carotid artery segments. This approach is not without its limitations. Since resistance vessels are generally considered to have a larger role in blood pressure regulation than larger conduit vessels such as the carotid artery, it is possible that induction of HO-1 in these vessels may have a different action on vascular relaxation in Ang II-infused mice. However, it is important to note that there is a direct correlation between carotid artery hemodynamics and blood pressure. 24 Moreover, as in most studies examining the potential role of vascular function in blood pressure control, whether using conduit or microvessels, the end result is the well-established association between endothelial function and blood pressure. We believe the approach used in the current study adequately addresses our hypothesis.
In this study, we report an impaired relaxation response to the CO donor, CORM-A1 (in addition to ACh and SNP). Although determining the cellular mechanism for the attenuated CO response is beyond the scope of this study, we hypothesize based on our previous study that cyclic guanosine monophosphate (cGMP)signaling may be impaired in Ang II-infused mice. 25 Similar to nitric oxide, CO has been shown to act through a cyclic guanosine monophosphate-mediated mechanism to cause vessel relaxation. 26 While acutely, CoPP can inhibit HO-1, 27 it has been shown by several investigators to significantly induce HO-1 in vivo such that total HO activity is increased chronically. 1, 2, 28 Importantly, the data from our study show that a single bolus dose of CoPP significantly increases HO-1 protein and activity in the aorta for up to 2 weeks post administration. This observation is consistent with previous studies, which have reported increased tissue levels of cobalt, 4 weeks after administration of CoPP. 29 While the mechanism responsible for the slow clearance of CoPP is not fully known, recent studies have indicated an important role for articles Ang II Hypertension and Vascular HO-1 increased degradation of the HO-1 suppressor, Bach 1, in the induction of HO-1 by CoPP. 30 In summary, our data demonstrate that chronic Ang II hypertension in the mouse is associated with a significant attenuation in the relaxation to ACh, SNP, and CO which may be mediated by alterations in the vasodilatory response in vascular smooth muscle cells. Induction of HO-1 with CoPP does not improve the vascular relaxation in chronic Ang II-treated mice despite significantly decreasing blood pressure and increasing vascular HO-1. While the current study cannot entirely rule out the possibility that vascular relaxation may be improved in resistance type vessels, our results demonstrate that induction of HO-1 is not associated with an improvement in NO-mediated vascular relaxation in the carotid artery of Ang II-infused mice, despite a significant decrease in blood pressure. Future experiments will be important in determining whether other mechanisms such as central or renal are responsible for the blood pressure lowering effects of HO-1 induction in Ang II-dependent hypertension.
